Mem. S.A.It. Vol. 1, 1 
©SAIt 2004 



Hard X-ray Emission from Magnetars 
A Case Study for Simbol X 

Diego Gotz 1 

CEA Saclay, DSM/Dapnia/Service d'Astrophysique, F-91191, Gif sur Yvette, France e- 
mail: diego . gotz@cea. fr 



Abstract. The magnetar model involves an isolated neutron star with a very high magnetic 
field (B ~ 10 14-15 G), and is invoked to explain the emission processes of two classes of 
sources, the Anomalous X-ray Pulsars (AXPs) and the Soft Gamma-Ray Repeaters (SGRs). 
Five of them have been recently identified to be persistent sources in the hard X-ray band 
(20-200 keV). AXPs, in particular, present the hardest known persistent spectra in the hard 
X/soft y-ray energy range. The broad band modeling of their spectra still suffers from the 
non-simultaneity of the observations and from a lack of sensitivity above 20 keV. We present 
the Simbol X simulated observations of these objects and show that that this mission could 
surely help to disentangle the contribution of the different spectral components, and to un- 
derstand how they contribute to the secular flux variations observed in these sources. 

Key words. Stars: neutron - Stars: X-rays - gamma rays: observations 



1. Introduction 

Most of the known neutron stars (NSs) are ei- 
ther isolated rotation powered pulsars, or ac- 
cretion powered neutron stars hosted in bi- 
nary systems. A dozen (plus a few candidates) 
of sources, dubbed magnetars, do not fit in 
either of these categories, since their domi- 
nant source of energy is believed to be the 
magnetic one. In fact, in the magnetar model 
dDuncan & Thompson!! 19921) it is the decay of 
the huge magnetic field (B ~ 10 14 " 15 G) of 
isolated neutron stars that powers their electro- 
magnetic emission. 

Magnetars are historically divided in two 
categories, due to the fact that they were dis- 
covered in different ways. We will briefly 
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summarize their properties here. For a com- 
plete review of th i s kin d of objects see 
IWoods & Thompson! (120061) . 

1.1. Soft Gamma-Ray Repeaters 

SGRs were originally identified in the late 
'70s a subclass of Gamma Ray Bursts, due 
to the fact that these bursts had softer spec- 
tra and originated repeatingly from fixed po- 
sitions across the sky. Four confirmed SGRs 
are known to date, three of them (1806-20, 
1900+14, and 1627^-1) are located in our 
Galaxy at several kpc, while one, 0525-66, is 
located in the Large Magellanic Cloud. They 
sporadically emit short (~0.1 s) and bright 
(L~ 10 39 -10 42 ergs s _1 ) bursts of soft gamma- 
ray radiation during active periods, alternat- 
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ing with quiescent periods that can last sev- 
eral years. In rare occasions they emit so-called 
giant flares, which are characterized by very 
brights spikes (L~ 10 44 -10 46 ergs) lasting a 
fraction of a second, followed by a pulsat- 
ing tail lasting a few hundred seconds. Up to 
know three out of four SGRs have emitted a 
giant flare, and the pulsations found in their 
tails pushed forward the idea that these objects 
were associated with neutron stars, with an ex- 
tremely high magnetic field. In fact, the energy 
required to confine a fireball for the duration 
of the giant flare pulsating tail strongly points 
towards a magnetic field of the order of 10 15 G. 

Three of the confirmed SGRs have quies- 
cent pulsating X-ray counterparts for which the 
period and its derivative could be measured. 
Assuming that this radiation is due to magnetic 
braking in a dipolar surface magnetic field, 
these values confirm the high magnetic field, 
and the absence of Doppler modulations in the 
observed light curves exclude the presence of 
companion stars. 

1.2. Anomalous X-ray Pulsars 

AXPs have been originally identified as a class 
due to their common X-ray and timing prop- 
erties dMereghetti & Stella! Il995h . Their rota- 
tional periods cluster in the 5-12 s range, their 
period derivatives in the 0.05-4xl0~ n s s _1 . 
Their X-ray luminosity is Lx ~10 34 ~ 36 erg s" 1 . 
From their timing porterties one can derive the 
dipole magnetic field at the surface of the NS 
as follows, 



B = 



<3Ic 3 PP 
\ 2tt 2 R 6 



3.2 x 10 19 (PP) 1/2 G, 



(1) 



where / (^10 45 g cm 2 ) is the NS moment 
of inertia, and R (^10 6 cm) is the NS radius. 
The derived field values for AXPs exceed the 
quantum critical value of Bq = m^c 1 /(eh) 
4.4 x 10 13 G. This fact together with the lack of 
an observable companion star and with the fact 
that Lx largely exceeds the rotational energy 
loss (Ilooj), points towards the inclusion of the 
AXPs in the magnetar class. In addition the 
detection of Soft Gamma -Ray Repeater-like 
bursts from five AXPs (e.g. lGavriil et al.ll2002l) 



has strengthened the association between these 
objects and the SGRs. 

2. INTEGRAL Results 

The soft X-ray spectra of AXPs and SGRs 
are generally well described by a two compo- 
nent model, made of a black body with kT ~ 
0.4-0.5 keV, and a steep power law, with pho- 
ton index 2 < T < 4. Being their spec- 
tra below ~10 keV rather soft, the first detec- 
tions above 20 keV of very hard high-energy 
tails asso ciated with these objects came as a 
surpr i se dKuiper et al. 20061; Iden Hartog et al. 



2006; Revnivtsev et al. 2004; Mereghetti et al 
l2005al iMolkov et all 120051: bote et alj|2006l) . 
These discoveries were possible thanks to 
unpreced ented sensitivi t y of th e IBIS/ISGRI 
image r dUbertini et al.l 120031 ; iLebrun et alj 
12003b on board th e INTEGRAL satellite 
(Win kler et~aT1l2003l) . It results that AXP spec- 
tra flatten (T ~ 1) above 20 keV (and the 
pulsed fraction of some o f them reaches up to 
100% dKuiper et al.ll2006l) ). while SGR spectra 
steepen at hard X-rays, as is illustrated in Fig. 

m 

The discovery of these hard tails pro- 
vides new constraints on the emission mod- 
els for these objects since their luminosi- 
ties might well be dominated by hard, rather 
than soft, X-rays. In fa ct , quit e recently, 
iThompson & Belobodorovl (|2005) discussed 
how soft gamma-rays may be produced in a 
twisted magnetosphere, proposing two differ- 
ent scenarios: either thermal bremsstrahlung 
emission from the surface region heated by re- 
turning currents, or synchrotron emission from 
pairs created higher up (~ 100 km) in the 
magnetosphere. While both scenarios predict 
a power-law-like spectral distribution for the 
20-100 keV photons, the cut-offs of the high 
energy emission are markedly different in the 
two cases, 100 keV vs. 1 MeV. A third sce- 
nario involving resonant magnetic Compton 
up-scattering of soft X-ray photons by a non- 
thermal population of high ly relativistic elec- 
trons h as been proposed bv lBaring & Harding! 
(12007b . 

While at soft X-rays AXPs and SGRs have 
shown to be variable objects, as far as timing 
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Fig. 1. Broad band X-ray spectra of the five magne- 
tars detected by INTEGRAL . The data points above 
18 keV are the INTEGRAL spectra with their best 
fit power-law models (dotted lines). The solid lines 
below 10 keV represent the absorbed power-law 
(dotted lines) plus blackbody (dashed lines) mo dels 
taken from the literature. See Gotz et al. 1 20061) and 
references therein for details. 



and spectral properties are concerned, at hard 
X-rays the study of these characteristics is lim- 
ited by the long integration times required in 
order to detect them with the current instru- 
mentation. Nevertheless, some degree of vari- 
ability in the hard X-ray emission of SGRs 
has been reported recentl y by different authors. 
Mereghetti et al.l (12005 a) report, besides clear 
flux variations, a possible spectral hardening 
of SGR 1806-20 as a function of its burst- 
ing activity (see Fig. Similar result s have 
been obtained by lEsposito et al.1 (120061) . who 
compared the broad band persistent spectrum 
of SGR 1900+14 measured with BeppoSAX 
in 1997 during a period of intense bursting ac- 
tivity with the one taken with IBIS/ISGRI six 



years later, during a phase of quiescence (see 
Fig- The latter represents for the time being 
the most convincing evidence of spectral vari- 
ability in an SGR hard tail. 
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Fig. 2. IBIS/ISGRI spectra of SGR 1806-20. a) per- 
sistent emission March 2003-April 2004, b) per- 
sistent emission September-October 2004, c) one 
burst (scaled down by a factor 10 4 ). The solid lines 
are the best fits (power laws in a) and b), thermal 
bremsstrahlung in c)). The dashed lines indicate the 
extrapolation of power-law spectra measured in the 
1-10 ke V ban d with XMM-Afew.onlMereghetti et alj 
(20053)- From lMereghetti et alJ d2005ah . 




Energy (keV) 

Fig. 3. Blue points: broad band spectrum of 
SGR 1900+14 taken on 1997 May 12 (observation 
A) with BeppoSAX (both MECS and PDS data). 
Green points: IN TEGRAL data from M arch 2003 to 
June 2004. From lEsposito et al.l J2006) 
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3. Simbol-X Simulations 

As mentioned above, the limited sensitivity of 
the current instrumentation does not allow us 
to study simultaneously the broad band spectra 
of magnetars. In fact, while at soft X-rays a 50 
ks observation using focusing telescopes like 
XMM and Chandra are sufficient to derive pre- 
cise spectral and timing characteristics, above 
20 keV IBIS/ISGRI, the most sensitive instru- 
ment in this energy range nowadays, requires at 
least 500 ks to derive a useful spectrum, often 
still with large uncertainties. In addition due to 
the mission constraints the observation has to 
be split over several months. In these condi- 
tions it is clear that it is difficult to speak of 
simultaneous broad band spectra. This is a se- 
vere limitation to any sensible spectral model- 
ing: for instance the three components identi- 
fied in the AXPs spectra, the black body, the 
low-energy power law and the high energy one 
seem for the time being completely indepen- 
dent spectral components. In particular very 
little known concerning the transition region 
between 10 and 20 keV where no data is actu- 
ally available. This gap, together with the un- 
avoidable uncertainties in the inter-calibration 
of the different instruments increases our dif- 
ficulties in deriving a physical model of the 
source that accounts simultaneously for the 
three components, and explains what is the 
physical driver of the measured spectral and 
flux variations. 

Stimulated by th ese issues I tried to figure 
out if Simbol-X dFerrando et alJ 120071) could 
contribute to disentangle some of these as- 
pects. This was done through some simulated 
observations performed with the xspec pack- 
age, and following the recipes provided for this 
workshop by Jean Luc Sauvageot. The sim- 
ulations included the low energy layer MPD 
(Marco Pixel Detector) and the high energy 
CZT, in a 20 m focal length configuration and 
12 arcmin field of view with a 18 arcsec point 
spread function at 30 keV. For the background 
estimation the contributions of the diffuse X- 
ray background, the local bubble, and the cos- 
mic rays interactions (the detectors are actively 
and passively shielded) have been taken into 
account. 



3.1. 1RXS J 170849. 0-4009 10 

1RXS J170849.0-400910 is one of the per- 
sistent AXPs that shows the largest degree of 
variability in its spe ctral parameters (see e.g 
ICampana et al.ll2007l) . I wanted to estimate the 
observation time needed in order to carefully 
characterize the spectral components of this 
AXP with Simbol-X. In order to do this I sim- 
ulated a spectrum made of the sum of an ab- 
sorbed black body and a broken power-law 
changing its slope from 2.8 to 1.5 at 15 keV. 
Such a sharp break may not be physical but 
is consistent with the available spectral data. 
From Fig.|4]one can see that in just 10 ks of ob- 
servation time one can get a fairly good spec- 
trum. In the figure I show the fit using an ab- 
sorbed black body and a single power law. The 
fit is unacceptable (x 2 r ~ 2), and the break is 
clearly detected in the residuals at 15 keV. 



1708 10 ks 




channel energy (keV) 

Fig. 4. 10 ks simulated Simbol X observation of 
1RXS J170849.0-400910. The upper panel shows 
the model and the data while the lower panel shows 
the residuals with respect to the model. The data 
have been fitted with the model derived from soft 
X-ray data only. 



This shows that even with a relatively short 
observation we can derive a good broad band 
spectrum with Simbol-X, and that we will be 
able to monitor the spectral changes of these 
sources on a time scale that is not accessible 
with the current instrumentation. 
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3.2. SGR 1806-20 

For SGRs, and for SGR 1806-20 in particu- 
lar, the presence of a spectral break around 15 
keV is not settled yet. The available data suf- 
fer from non-simultaneity and inter-calibration 
uncertainties. As a working hypothesis I as- 
sumed a spectrum made again of an ab- 
sorbed black body plus a broken power law, 
but this time the black body component is 
much fainter, as observed in this source by 
XMM (Meregh etti et al.ll2005bb . and the slope 
changes from 1.2 to 1.8 at 15 keV. 



1806 100 ks 
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Fig. 5. 100 ks simulated Simbol X observation of 
SGR 1806-20. The upper panel shows the model 
and the data while the lower panel shows the resid- 
uals with respect to the model. The data have been 
fitted with a single power-law. 

As can be seen from Fig- El where a fit us- 
ing a single absorbed power law is shown, 100 
ks at least are necessary to detect the spectral 
break (the^ increases from 1.21 to 1.03 if a 
break is included). The black body component, 
on the other hand, is not statistically needed. 
This is not surprising since the first detection 
of this component has been obtained with a 50 
ks long XMM/pn exposure, and the latter is still 
4-5 times more sensitive than Simbol-X at 2 
keV, where the black body component is most 
prominent. 

Increasing the exposure time to 1 Ms, see 
Fig. [6] both the spectral break and the black 
body component are evident if one looks at 
the residuals of the fit with a single absorbed 
power law. In fact the single power law fit is 



statistically not acceptable, yielding a of 
3.3, which than decreases to 1.6 including a 
break and finally to 1.02 if one includes the 
black body. 

This shows us that with reasonable expo- 
sure times Simbol-X will provide us for the 
first time with a good quality spectrum for the 
SGRs as well as for AXPs. 



1806 I Ms 
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Fig. 6. lMs simulated Simbol X observation of 
SGR 1806-20. The upper panel shows the model 
and the data while the lower panel shows the resid- 
uals with respect to the model. The data have been 
fitted with a single power law. 



4. Conclusions 

One of the major issues today in the magne- 
tar's field is that no clear physical model has 
been developed yet, in order to explain the 
broad band spectrum of AXPs and SGRs. An 
important reason for this is that with the cur- 
rent instrumentation it is not possible to obtain 
good quality broad band (0.1-200 keV) spec- 
tra. For every astrophysical object the broad 
band coverage is nowadays an important issue, 
but the unexpected discovery of very hard tails 
in AXPs is a unique feature, and deserves par- 
ticular attention in this sense. 

We have shown that with Simbol-X we will 
be able to monitor for the first time all the 
spectral components of these variable objects 
at once. In particular we will be able to pin- 
point the differences between AXPs and SGRs, 
that before the IBIS/ISGRI hard X-ray obser- 
vations looked very similar for what concerns 
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their persistent emission. We will also be able 
to understand what is the driver of spectral 
changes in magnetars, i.e. if the changes below 
10 keV are in reality caused by the variation of 
an underlying high-energy component. 

Concerning the timing, pulsations in the 
hard X-ray band have been detected for a few 
AXPs and possibly for SGR 1806-20 (Gotz 
et al., 2007, in preparation). Their detection 
needs long integration times, and the combina- 
tion of different instruments on different satel- 
lites, which introduces unavoidable uncertain- 
ties in the estimation of the pulsed fraction. 
Simbol -X, being a focusing telescope with low 
background at hard X-rays, will surely reduce 
by an order of magnitude our uncertainties and 
the exposure times required. In addition it will 
allow us to do broad band phase resolved spec- 
troscopy. 

The detection of resonant cyclotron ab- 
sorption lines would be the direct confirma- 
tion of the presence of a huge magnetic field 
in magnetars. Up to now, despite the deep 
searches below 10 keV, no firm detection of 
these features has been reported. One interest- 
ing fe^ture_around 6—15 k eV has been reported 
by llwasawa et al ] (119921) using Ginga data, 
during the outburst of the AXP IE 2259+586. 
Being this feature close to the upper energy 
boundary of the instrument, its detection is 
questionable. Simbol-X could clearly settle an 
issue like that. 

A few of the AXPs are transients: this is a 
new subclass of magnetars that undergo large 
outbursts lasting years where their flux changes 
by more than 3 orders of magnitude (e.g. 
Ilsrael et all 120071) . The mechanisms of these 
long outbursts is not known, and in addition 
due to several constraints, these sources could 
not be observed efficiently during their out- 
bursts with hard X-ray telescopes. Such an out- 
burst (but also the quiescent phase) observed at 
hard X-rays with Simbol-X could surely help 
to shed some light of the mechanisms that drive 
these long lived outbursts. 
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